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A series of microstructures designed to pin domain-walls (DWs) in (Ga,Mn)As with perpendicular
magnetic anisotropy has been employed to determine extrinsic and intrinsic contributions to DW
resistance. The former is explained quantitatively as resulting from a polarity change in the Hall
electric field at DW. The latter is one order of magnitude greater than a term brought about by
anisotropic magnetoresistance and is shown to be consistent with disorder-induced misstracing of
the carrier spins subject to spatially varying magnetization.
PACS numbers: 72.25.-b, 75.60.Jk, 75.50.Pp, 85.75.-d
The influence of domain-wall (DW) on transport prop-
erties of ferromagnetic materials, especially the sign and
magnitude of the DW resistance (DWR), is attracting
much attention because it is recognized that the descrip-
tion of spin flow across DW combines the physics of
current-perpendicular-to-plane [1] and current-in-plane
[2] giant magnetoresistances with the intricate question
of spin dynamics in a spatially non-uniform field. Be-
cause transport of carriers in such a field gives rise to the
Berry phase shift [3], it was pointed out that DW may
affect quantum localization phenomena [4, 5]. DWR is
also related to the efficiency of DW displacement by spin-
polarized current [6, 7]; an issue not yet resolved despite
the recent observations of the electrical DW motion in
(Ga,Mn)As [8] and NiFe [9, 10]. Determination of the
magnitude and sign of DWR is thus an important and
crucial step toward understanding the carrier and spin
transport in a nonuniform magnetization background.
In order to determine DWR experimentally, dense do-
main stripes [1, 11, 12] or geometrically confined pat-
terns [13, 14] have been employed in metallic systems,
while in (Ga,Mn)As resistance changes associated with
DW propagation between contacts have been monitored
[15]. Either increase [1, 11, 14] or decrease [12, 13, 15]
of resistance by DW has been found. The former is usu-
ally qualitatively interpreted in terms of spin-mistracing
model put forward by Gregg et al. [1] and developed fur-
ther by Levy and Zhang [2], whereas the negative DWR
is assigned to the destruction of quantum localization by
DW according to theory of Tatara and Fukuyama [4].
It is, however, not easy to measure directly small resis-
tance changes associated with DW and to separate un-
ambiguously and quantitatively various effects brought
about by the presence of DW, such as anisotropic mag-
netoresistance (AMR) [12, 16] and the discontinuity of
conductivity tensor components at DW [17, 18].
In this Letter, we report on the introduction of DWs at
well-defined positions in microstructures of a (Ga,Mn)As
layer with perpendicular magnetic easy axis. We com-
bine magnetotransport and spatially resolved magneto-
optical Kerr effect (MOKE) measurements to determine
the DW characteristics. A series of microstructures with
various geometries is used to separate extrinsic and in-
trinsic contributions to DWR. By finite-element compu-
tations we show that the extrinsic component originates
from the sign change in the Hall electric field at DW. We
then demonstrate that the intrinsic contribution can be
explained quantitatively by Levy and Zhang theory [2],
developed within the s-d-type model directly applicable
to the hole-mediated ferromagnetism in (Ga,Mn)As [19].
Finally, we evaluate the AMR contribution and find that
it is negligible under our experimental conditions.
The microstructures are fabricated from a thickness
t = 25 nm Ga0.05Mn0.95As layer grown by molecular
beam epitaxy at 220◦C onto 500 nm In0.15Ga0.85As / 100
nm GaAs layers on a semi-insulating GaAs (001) sub-
strate. The lattice-relaxed (In,Ga)As layer introduces
tensile strain, which makes magnetic easy axis perpen-
dicular to the film plane [19]. A 180◦ DW is prepared
at each boundary between non-etched and etched re-
gions, defined by photolithography and wet etching as
shown in Fig. 1(a), utilizing a slight dependence of Curie
temperature TC, and thus coercivity Hc, on t [8, 20].
The channel is along [1¯10] and the etched step is 7 nm
high, which ensures a sufficient Hc contrast for a repro-
ducible DW preparation. From the magnetic stiffness As
and the uniaxial magnetic anisotropy energy density Ku
corresponding to tensile strain and Mn concentration in
question we evaluate the width of the Bloch wall to be
δW = pi(As/Ku)
1/2 ≈ 17 nm [21]. From the values of in-
plane anisotropy energies determined by ferromagnetic-
resonance spectra of similar films [22], we find that the
Bloch wall is energetically stabler than the Ne´el wall.
We expect DWs to be at the etched side of the bound-
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FIG. 1: [Color online] (a) Optical micrograph of Hall bar and
schematic cross sectional view of structure under white line
in the micrograph. Current (I = 40 µA) direction is [1¯10].
(b) Temperature dependence of sheet resistance Rs and (c)
coercivity µ0Hc of non-etched and etched regions. Magnetic
hysteresis loops measured by anomalous Hall effect at 5 K
and three MOKE images at 55 - 65 K are displayed as insets
to (c), where black (white) stripes in the channel correspond
to negative (positive) values of M .
ary, where the DW energy 4Ad(AsKu)
1/2 is diminished
owing to the reduced DW area Ad, and smaller As and
Ku due to lower TC.
Properties of the non-etched and etched regions are
measured by magnetotransport measurements as a func-
tion of temperature T and magnetic field H on the Hall
bar shown in Fig. 1(a). The longitudinal and Hall resis-
tivities provide the magnitude of the conductivity ten-
sor components σii(T,H). The perpendicular easy axis
makes it possible to determine magnetization M(T,H)
and, in particular, the coercivity Hc(T ) by the Hall ef-
fect measurements as the Hall resistance is dominated by
the anomalous Hall effect proportional to the perpendic-
ular component of M . Figure 1(b) depicts temperature
dependence of the sheet resistance Rs(T ), whose maxima
are a measure of TC of the non-etched and etched regions
(∼80 K and ∼68 K, respectively). These two regions ex-
hibit also different temperature dependence of Hc(T ), as
shown in Fig. 1(c). The corresponding MOKE images
displayed in Fig. 1(c) allow us to attribute the kink at
60 K in the Hc(T ) dependence for the non-etched region
to a boundary between DW nucleation (high tempera-
tures) and DW propagation (low temperatures).
Figure 2(a) shows the magnetoresistance ∆Rs(H) =
Rs(H)−Rs(0) of the two regions for various orientations
of the magnetic field H(θ, φ), where θ and φ are the an-
gles from [001] in y-z plane and from [110] in x-y plane,
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FIG. 2: [Color online] (a) Magnetoresistance ∆Rs of the
etched region for various directions of the magnetic field at
55 K. (b) Definition of relation between crystal orientation
and angles θ and φ of the applied magnetic field. (c) Hystere-
sis cycle of Rs(H). (d) Dependence ∆Rs(θ) at 0.5 T.
respectively, as depicted in Fig. 2(b). These data are
relevant for the following two reasons. First, since the
direction of magnetization changes across DW, informa-
tion on the dependence of the resistivity on the angle
between the magnetization and the current direction –
AMR – is required to quantitatively assess its contribu-
tion [16]. Second, as shown in Fig. 2(c), resistance of
(Ga,Mn)As exhibits a jump when magnetization reverses
its direction at Hc, which has to be taken into account
when interpreting the origin of resistance changes caused
by the formation of DW.
For DWR measurements, we first fabricated two struc-
tures; one with the channel width w = 100 µm and length
l = 330 µm [device A; Fig. 3(a)] and the other with the
same dimension but with alternately etched (by ∼7 nm)
and non-etched 30 µm long surface regions [device B;
Fig. 3(b, c)]. Magnetoresistance and MOKE measure-
ments are performed simultaneously at 45 K, as summa-
rized in Fig. 4. When magnetic field is swept down after
saturating magnetization in a sufficiently high positive
field, magnetization of the etched regions (low Hc), re-
verses gradually at −3.0 -−4.0 mT in device B [Fig. 4(b)].
This is accompanied by resistance increases [see 1 and 2
in Fig. 4(b)], and then it reaches a maximum for a com-
plete anti-parallel (AP) configuration (between −4.0 and
−5.8 mT). As the field is further increased, magnetiza-
tion of non-etched regions starts to reverse one-by-one
(−5.8 -−10.9 mT), resulting in a decrease of the number
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FIG. 3: [Color online] Optical micrographs of (a) unpatterned
(device A) and (b) patterned (device B) layers for domain wall
resistance measurements. (c) Schematic cross-sectional view
under the white line of (b).
of DWs and staircase-like resistance reduction [3 to 9 in
Fig. 4(b)]. The sum of individual resistance steps is 87 Ω
at 45 K in device B, which corrected for the DW indepen-
dent resistance jump associated with the magnetization
reversal, whose magnitude is linear with the magnetic
field [see the curve of non-etched region in Fig. 2(c)]. This
jump is −46.4µ0H [T] Ω/DW, implying that the apparent
DWR per DW is +6.9 Ω. The complete AP configuration
can be obtained with a good reproducibility in the tem-
perature range 40 - 60 K. On the other hand, a smaller
resistance increase is observed during DW propagation
(−5.2 -−5.8 mT) in device A [Fig. 4(a)].
In the case of perpendicular easy axis, the polarity of
the Hall electric field is opposite on the two sides of DW,
leading to an extrinsic contribution to the apparent DWR
[17]. Using the conductivity tensors σˆ(T ) obtained from
the non-etched and etched Hall bars (Fig. 1), we evaluate
this extrinsic contribution to DWR, Rext., from the con-
tinuity equation [17, 18], div[σˆ(x, y) gradV (x, y)] = 0.
Employing a standard finite element method, we obtain
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FIG. 4: [Color online] Magnetoresistance of device A (a) and
device B (b) at 45 K (current I = 30 µA). Insets show MOKE
images in various magnetic fields disclosing relation between
number of domain-walls and resistance.
Rext. = 6.3 Ω per DW for a bar with 12 DW assuming
V = const. at the bar ends at 45 K. The good agree-
ment with the experimental value shows that the appar-
ent DWR is dominated by this extrinsic effect.
In order to extract the intrinsic DWR, we utilize the
fact that the above contribution caused by the Hall ef-
fect is inversely proportional to the channel thickness t
and does not depend on the channel width w, whereas
the intrinsic contribution is inversely proportional to the
DW area Ad = wtetched. To separate the two, we have
fabricated microstructures with four different values of w,
w = 25 (device C1), 50 (C2), 100 (C3), and 150 (C4) µm,
keeping the aspect ratios l/w = 3.3 and d/w = 0.3 the
same, where l is the total device length and d is the dis-
tance between the etched (or non-etched) regions. Metal
electrodes of 5 nm Cr/100 nm Au cover the two far end
parts of the devices for ohmic contacts, leaving 6 etched
and 5 non-etched regions in between. After saturating
magnetization, the dispersion of resistance R at H = 0
is below 10% in devices C1–C4. In the magnetic field,
their resistance first increases, and then decreases in the
staircase-like fashion displaying magnetization reversal of
5 non-etched islands (10 DWs) in all devices, as shown
in Fig. 5(a). Solid lines have slopes expected from Fig. 2
for complete AP orientation of domains, and their ex-
trapolation to H = 0 gives DWR of each device. Thus
determined DWR at 55 K is plotted as a function of
inverse w in Fig. 5(b), which clearly shows that DWR
can be decomposed into a contribution independent of w
(Rext.) and linear in w−1 (the intrinsic DWR, Rint.Ad).
The values of Rext. and Rint.Ad are plotted as a function
of temperature by open circles in Figs. 5(c) and 5(d),
respectively. We again find that the finite-element re-
sults reproduce quantitatively the magnitude and tem-
perature dependence of Rext., as shown by open triangles
in Fig. 5(c). The resistances of C1-C4 shows no system-
atic dependence on w; the largest difference being of the
order of 10% between samples C1 and C3. Such a spread
in resistances is most probably caused by lateral wafer
inhomogeneities and etching inaccuracy. We checked nu-
merically that addition of DW independent interface re-
sistance that increases the total resistance by 15% (i.e.,
greater than 10% of R dispersion) has no effect on the
determined value of Rint..
In order to elucidate the origin of the intrinsic DWR,
we first calculate a contribution from AMR assuming
Bloch DW, for which θ = arccos[tanh(pix/δW)] and
RAMRAd = t
∫ ∞
−∞
dx∆Rs[θ(x)]. (1)
By taking ∆Rs(θ) from Fig. 2, where ∆Rs(θ) is the dif-
ference between ∆Rs at various θ and ∆Rs at θ = 0
◦,
and t suitable to the etched region we obtain RAMRAd =
0.022 Ωµm2 at 55 K, a factor of 20 smaller than the ob-
served value of Rint.. We then examine the effect of non-
adiabatic contributions in carrier transport across DW.
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FIG. 5: [Color online] (a) Magnetoresistance of devices C1-
C4 (current I = 10, 20, 40, 60 µA, respectively) with differ-
ent channel width w. Solid lines have slopes expected from
Fig. 2(c) for complete antiparallel orientation of domains, and
their extrapolation to H = 0 gives domain wall resistance
(DWR). (b) DWR vs. w−1, which provides extrinsic and in-
trinsic contributions per one DW (Rext. and Rint.Ad), shown
by open circles in (c) and (d), respectively. Open triangles in
(c) show computed Rext.. Open triangles and inverse trian-
gles in (d) are theoretical calculated assuming that the con-
ductance polarization is equal or 1.2 times greater that ther-
modynamic polarization, respectively.
The hole precession time in the molecular field of the
Mn spins, τex = h¯gµB/|β|M , is much shorter than the
dwell time of the holes diffusing across DW, τD = δ
2
W/D,
where the p-d exchange integral β = −0.054 eVnm3 [19]
and D is the diffusion constant. Nevertheless, it has been
known for some time in the Berry phase physics that dis-
order can introduce a considerable coupling between spin
channels in the presence of a field texture [3]. This leads
to a resistance enhancement [1, 2] of somewhat similar
in origin to that known from theory of giant magnetore-
sistance in the current in-plane geometry. According to
to theory of Levy and Zhang [2] for a simple parabolic
s-type band,
Rint.Ad = RstδW
4ξ2P 2
5(1− P 2)
[
3 + 5(1− P 2)1/2
]
, (2)
where ξ = pih¯kFτex/2m
∗δW and the conductivity (cur-
rent) polarization P = (σ↑ − σ↓)/(σ↑ + σ↓). Since
the heavy holes dominate we take m∗ = 0.6m0 and
kF = 1.8× 10
9 m−1 that results from p = 2× 1020 cm−3
estimated from the p-d Zener model [19]. For P we
adopt thermodynamic spin polarization Ps which away
from the half-metallic situation is given by [19], Ps =
6kBTCM/[(S+1)pβMS], where MS is saturation magne-
tization. We see in Fig. 5(d) that theoretical predictions
describe our experimental results quantitatively within
a factor of two. If we assume that the complex valence
band makes P to be greater than Ps by a factor 1.2,
we find even better agreement in the whole temperature
range studied, as shown by the dotted line.
Finally, we note that previous study on (Ga,Mn)As re-
ported a negative sign of DWR [15]. There, (Ga,Mn)As
with in-plane magnetic anisotropy was used, where AMR
can give a negative contribution [23, 24]. In addition,
measurements were carried out at lower temperatures
(4.2 K) and on layers with resistivity by a factor of eight
higher than the one used in the present study, making the
destruction of quantum corrections that leads to negative
DWR [4] more important than in our case.
In summary, we have observed an increase of resistance
associated with the DW formation in (Ga,Mn)As with
perpendicular magnetic easy axis. This additional resis-
tance contains a dominant contribution resulting from
the alternating polarity of the Hall electric field at DWs.
By carefully studying the geometry dependence of resis-
tance, we have been able to extract an intrinsic compo-
nent of DW resistance inversely proportional to the DW
area. We relate the existence of this intrinsic term to a
departure of spin transport across DW from the condi-
tion of adiabatic passage, a conclusion substantiated by a
quantitative comparison to existing theory. We find the
contribution of anisotropic magnetoresistance negligibly
small under our experimental conditions.
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